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Abstract 
This thesis describes two optimised synthesis methods of Alumina Nanofibres, 
the characterisation techniques and results are displayed, and two applications of 
synthesised Alumina Nanofibres are presented. 
In the first application of enzyme immobilisation, the Alumina Nanofibres are 
functionalised with (3-aminopropyl) triethoxysilane (APTES) group and covalently 
connected to Laccase using the cross-linking agent Glutaraldehyde (GA). The 
immobilisation condition has been optimised and compared with physical adsorption 
in respect to speed and concentration. After the immobilisation process, the activity 
of Laccase is retained to a great extent when compared to free Laccase. The catalytic 
activity of immobilised Laccase is tested using 2,2’-Azinobis-(3-tehylbenzthiazoline-
6-sulphonate) (ABTS) method and results indicate immobilisation have positive 
impact on resistance to pH and temperature change. In the reusability test, the 
covalent immobilisation strategy exhibits better performance in continuous cycle 
reaction test comparing to physical adsorbed laccase. 
 
Large-scale purification/separation of bio-substances is a key technology 
required for rapid production of biological substances in bioengineering. Membrane 
filtration is a new separation process and has potential to be used for concentration 
(removal of solvent), desalting (removal of low molecular weight compounds), 
clarification (removal of particles), and fractionation (protein-protein separation). In 
this study, the Alumina Nanofibres are dip coated on top of a porous support to form 
a separation layer to develop an efficient membrane for protein separation. The 
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radical changes in membrane structure provided new ceramic membranes with a 
large porosity (more than 70%) due to the replacement of bulk particles with fine 
fibers. The pore size had an average of 11 nm and pure water flux was approximately 
400 L·h-1·m-2·bar-1. The surface of membrane is further modified by (3-aminopropyl) 
triethoxysilane (APTES), the filtration property was enhanced due to the surface 
hydrophobic conversion. The water flux of modified membrane reduced dramatically 
whereas the protein separation efficiency improved significantly. The molecular cut-
off of the membrane is measured by filtrating standard dextran solution of different 
molecular mass. The final silane-grafted alumina fiber membranes were 
demonstrated to reject 100% BSA protein and 92% cellulase. It was also able to 
retain 75% trypsin and maintain a permeation flux of 48 L·h-1·m-2·bar-1.
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Chapter 1: Introduction to Alumina 
Nanofibres 
1.1 INTRODUCTION 
Nano-structured materials have attracted much attention in the past few 
decades because of their novel physical and chemical properties compared to their 
corresponding bulk materials. The nano materials and corresponding nanotechnology 
have found enormous and significant applications in physical, chemical and biology 
areas. 
Alumina nanomaterial is of particular interest and is currently being 
extensively studied. Alumina nanomaterial nanostructures range from 0-dimensional 
quantum dot to 3-dimensional matrix. Among which, the one-dimensional 
nanomaterials known as nanorods, nanoribbons, nanotubes, nanofibres, nanowires 
and nanowhiskers simply based on their morphology are of most interest for its 
applications in advanced catalysts, adsorbents, composite materials and 
ceramics[1][2][3]. In this thesis, we focused on the Alumina nanofibres: synthesis 
method and applications in catalysts and membranes.  
1.2 SYNTHESIS AND CHARACTERISATION OF ALUMINA 
NANOFIBRE 
1.2.1 Synthesis of Alumina Nanofibres 
One-dimensional nanomaterials were discovered to be generated on the 
interface of different state phases, using synthesis methods such as vapour-liquid-
solid ,vapour-solid and liquid-solid processes [4] [5] [6].  
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Among all these possible synthesis strategies, Alumina nanofibres were mostly 
fabricated through solution based hydrothermal reactions, based on research by 
Bugosh who reported the preparation of fibrous colloidal boehmite, the precursor of 
Alumina material [7]. In 2006, Shen’s group developed another boehmite nanofibres 
synthesis path by a wet-gel conversion assisted by water vapour. In the method, 
aluminium nitrate Al(NO3)3 was mixed with NH4OH to form a wet-gel cake, the wet-
gel was heated to 200℃ in the presence of steam to create boehmite nanofibres with 
diameter of 20-30 nm and length of 100-400nm[2]. Three years later, they changed 
NH4OH to tetraethylammonium hydroxide (TEAOH) keeping all other conditions 
the same, and this time they obtained nanofibres of 200-400nm length and 15-20nm 
thick. Moreover, Kuiry successfully synthesised boehmite nanofibres using 
Aluminium isopropoxide, resulting in 10μm long and 120nm thick Boehmite 
nanofibres [1].  
In addition to the work by Shen and Kuiry, other researchers found that 
surfactant would act as a template reagent during the boehmite nanofibres synthesis 
process. For instance, Zhang tested the effect of a series of Pluronic surfactants in the 
boehmite preparation and explained the mechanism of the surfactant template by 
comparing the resultant boehmite nanofibres with different Al/surfactant molar ratios 
[6] . Lee employed both cationic and non-ionic surfactants into the aluminium tri-sec-
butoxide, the results indicated that non-ionic surfactant is beneficial to the growth of 
boehmite nanofibres where the length of 180nm and diameter of 18nm were 
observed. In contrast, the boehmite nanofibres synthesised with cationic surfactant 
exhibited only 3nm diameter and 20nm length [8].  
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In the previous work of our group [9], boehmite nanofibres are generated by 
hydrothermal reaction of a mixture of sodium aluminate NaAlO2 and acetic acid in 
the presence of Polyethylene oxide (PEO) surfactant at 100℃ for a period of 48 
hours, resulting in boehmite nanofibres with length greater than 50nm and thickness 
of 3nm. Then, we adjusted the Al/surfactant molar ratio and the synthesis period 
from 2 to 8days, and found that the longest nanofibres with length 92nm and 
diameter 5.2nm was achieved [10].  
In this thesis, the formation of boehmite nanofibers is optimised on the basis of 
our previous work, the synthesis period was reduced to 2 days while the obtained 
boehmite nanofibres was 100-120nm in length and 10nm in diameter. 
 
1.2.2 Characterisation of Alumina nanofibres 
A range of characterisation techniques has been used to characterise the 
properties of Alumina nanofibers. The morphology is provided by Scanning electron 
microscope (SEM) and Transmission electron microscopy (TEM), while X-ray 
diffraction is utilised to obtain crystal information. Surface area of Alumina 
nanofibres is calculated by Nitrogen adsorption results using the Brunauer-Emmett-
Teller (BET) equation. Thermal gravimetric analysis along with the differential 
thermal analysis provides information on phase transformation.   
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Chapter 2: Immobilisation of Laccase on 
Functionalised Alumina 
Nanofibres  
2.1 INTRODUCTION 
Laccase (Benzenediol oxygen oxidoreductase, E.C. 1.10.3.2) is a series of 
enzymes firstly discovered at the end of the 19th century and then found in various 
organisms such as bacteria [11], fungus, plants, and insects [12]. Extensive studies on 
laccase have been conducted since it was found to play a crucial role in the both 
lignin synthesis and degradation processes [13]. In these processes, the copper centre 
of laccase, contains of four copper atoms in the 2+ oxidation state, accelerate the 
removal of an electron from Phenolic hydroxyl to generate free Phenoxy radicals [14] 
[15] [16].  Due to its extraordinary catalytic suitability, laccase is widely applied in 
textile industry, food industry, paper industry and environmental field [17] [18] [19] [20] 
[21] [22] [23]. However, the high solubility of laccase in water makes it difficult to 
separate out from the substrate and products and consequently hard for re-utilisation. 
In addition, the denaturation of laccase under extreme pH and temperature condition 
results in not a desirable trait. These two main disadvantages are the major obstacles 
of laccase for large-scale practical applications. 
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Immobilisation of laccase at insoluble material surface is found to be a proven 
effective and straightforward strategy for practical utilisations [24] [25]. Once 
immobilised on insoluble supports, laccase can be converted to heterogeneous 
catalysts which exhibit remarkably improved stability and reusability comparied to 
free laccase [26]. As a consequence, enormous efforts have been made in laccase 
immobilization strategy, during which several immobilisation methods have been 
reported and various types of materials as well as their modifications have been 
successfully applied [27] [28]. First of all, there are two basic methods for 
immobilisation: physical adsorption and covalent bonding, comparing to the former 
one, the covalent bonded laccase shows significant better stability due to the stronger 
attachment which is crucial for the reutilisation [29] [30]. For example, covalently 
bonded laccase on the functionalised polymer support presented extraordinary 
reusability in the repeat remediation of waste materials treatment [31]. On the other 
hand, researchers never stop looking for better materials as immobilisation supports. 
For instance, Pita and Gutierrez-Sanchez covalently attached laccase onto gold by 
modifying the gold surface with a mixed monolayer of an aromatic diazonium salt 
derivative and 6-mercapto-1-hexanol as covalent linkage [32]. Vaz-Dominguez and 
Pita continued this work and applied surface enhanced infrared adsorption 
spectroscopy (ATR-SEIRAS) and scanning tunnelling microscopy (STM) to further 
investigate the immobilisation of laccase on chemically modified gold electrodes [33]. 
Despite gold electrodes, nanoporous gold was employed by Qiu and Xu, they 
focused on different immobilisation strategies and corresponding particle size effects 
[34]. Mesoporous silica sphere is another commonly used material for laccase 
immobilisation, for example, Zhu and Kaskel prepared mesoporous silica spheres 
and then magnetic nano particles were loaded. As a result, newly designed catalysts 
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can easily be separated by magnetic field so that damages caused by mechanical 
separation can be avoided [35].  Liu and Zeng completed a similar work to Zhu and 
Kaskel’s, in which mesoporous silica spheres were changed to mesoporous carbon 
material. Addition to inorganic materials, researchers also developed laccase 
immobilization strategy on organic and bio-materials [36]. Among which, polymer 
fibres attracted the earliest attention, for example Wang and Peng coated oxygen 
plasma on PMMA/O-MMT micro-fibrous membranes to create better adsorbent for 
laccase immobilisation [37]. On the other hand, Bayramoglu along with Yilmaz 
focused on functionalised bio-membrane materials, they turned chitosan membrane 
into epoxy-functionalised chitosan beads to create novel high efficient 
immobilisation supports. In the following year, Bayramoglu and Gursel immobilised 
laccase on a biopolymer support: itaconic acid grafted and Cu (II) ion chelated 
chitosan membrane [38] [39]. In another interesting research, Moccelini and Franzoi not 
only fabricated immobilised laccase on biopolymer substrate-cellulose acetate, they 
also extended its application to biosensors [40].  
 
Alumina nanofibre support is a kind of novel material well known as support for 
heterogeneous catalyst, however to the best of my knowledge, immobilisation of 
laccase on alumina nanofibres has not been investigated yet. First advantage of 
alumina nanofibre is the large surface area of nanofibre structure which is essential to 
the immobilisation capacity. Secondly, Alumina nanofibres along with the attached 
catalyst can be simply separated by centrifugation for reutilisation. Furthermore, 
comparing to other reported support materials, gold plate for instance, alumina 
nanofibres are low cost and easily synthesized, they  have no chemical interaction 
with bio-molecular while heavy metal or its ion could causes irreversible 
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denaturation in many cases. In addition, organic membrane blended by polymer fibre 
material, which is another commonly reported support, is could have interaction with 
organic solvent and sometimes it participates in catalytic reactions and causes side 
products. In the contrary, alumina material is noble to organic regent under mild 
condition.  
In this study, reported is an immobilised laccase system supported by (3-
aminopropyl) triethoxysilane (APTES) functionalised alumina nanofibres (NH-
Fibre) [41]. Laccase was attached on Alumina nanofibres through covalent bonding 
strategy. As shown in Figure 2.1, the functional silane group was firstly grafted on 
the surface of alumina nanofibre owing to Al-O-Si bond. Then the cross-linking 
agent Glutaraldehyde (GA) was employed to connect the -NH2 end of APTES and 
the amino end of laccase [42] [43]. In addition to covalent bonded laccase, the physical 
adsorption of laccase on NH-Fibre was also tested and designed as a comparison. 
The immobilisation capacity was studied with two impact parameters, the catalytic 
activity of immobilised laccase was determined with free laccase, physical absorbed 
laccase and covalently bonded laccase.  
 
Figure 2.1Machenisam of Protein Attachment on Functionalised Alumina Nanofibres  
 - 8 - 
 
 
The activity of laccase could be examined with several specific substrates [44], in 
this study, 2, 2’-azinobis (3-ethylbenzthiazolin-6-sulfonate) (ABTS) method was 
selected for the activity evaluation [45], in which ABTS was converted to green cation 
radicals (ABTS·+). The quantity of ABTS·+ product could easily be measured by UV-
Vis spectroscopy [46], and the catalytic activity was defined by the converting speed. 
The thermal and pH stability of immobilised laccase system have been investigated 
and compared to the free enzyme. The reusability of covalent bonded laccase was 
tested in a continuous cycle reaction, the result was compared to physical adsorbed 
laccase in order to demonstrate the advantage of using covalent bonding 
immobilisation method. 
 
2.2 EXPERIMENTAL 
 
2.2.1 Materials 
 
Unless otherwise stated, all the chemicals used were commercially purchased 
from suppliers and used without any further purification. The enzyme Laccase from 
Trametes versicolour, Glutaraldehyde (GA), (3-aminopropyl) triethoxysilane 
(APTES) 2,2’-Azinobis-(3-tehylbenzthiazoline-6-sulphonate) (ABTS),  25% 
Tetraethylammonium hydroxide solution (TEAOH) and Aluminium nitrate (Al(NO-
3)3·9H2O) were purchased from Sigma-Aldrich. ABTS solution was freshly prepared 
and applied within 24 hours since it is sensitive to visible light. Phosphate buffer 
solution (PBS) of wide pH value range was prepared by sodium dihydrogen 
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phosphate (NaH2PO4), disodium hydrogen phosphate (Na2HPO4), monopotassium 
phosphate (KH2PO4) and Citric acid . All other chemicals used in the experiment 
were of analytical grade.  
 
2.2.2 Preparation of Alumina nanofibres (Al-Fibre) 
 
Alumina nanofibres were synthesized following a previously reported method 
[47] [2]. In this method, boehmite nanofibres, the precursor of Alumina nanofibres, 
were synthesised and then transferred to γ-phase Alumina by calcination. In the 
synthesis procedure, firstly 30g of 25% Al(NO3)3·9H2O was dissolved in 100ml  
deionised water and kept stirring for 1.5 hours to form a homogenous solution at 
room temperature. Then, 25% TEAOH was drop-wisely added into a Al(NO3)3 
solution until the pH value was stabilised at 5.0. The adjustment of pH value is 
crucial to ensure boehmite nanofibre structure form. The white precipitates were 
recovered by vacuum filtration and then transferred into autoclaves, in which the 
precipitates were physically separated from 2ml of water and kept at 170 ℃ for a 
period of 72hr. The collected boehmite nanofibres were washed with deionised water 
three times and once with ethanol, washed nanofibres were recovered using a  
centrifuge (4000rpm) and dried in air at 60℃ overnight. Lastly, prepared boehmite 
nanofibres were calcined at 550℃ for a period of 10 hours to completely convert to 
γ-phase Alumina nanofibres. 
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2.2.3 Preparation of Amino Silane Functionalised Alumina Nanofibres (NH-
Fibre) 
 
Alumina nanofibres were grafted with silane to activate the surface of Alumina 
for further fictionalisation. In this work, APTES which possess an amino end was 
selected as the coupling agent to functionalize Al-Fibre, the silane group was 
attached by the method of refluxing the suspension containing Alumina nanofibres, 
APTES and toluene [48]. In this experiment, 3g Al-Fibre was dispersed in 100ml 
absolute anhydrous toluene, to the suspension 1.8g of APTES was added. The above 
mixed suspension was heated to 110℃ in oil bath with refluxing device and kept 
stirred for a period of 36 hours. Grafted Al-Fibre were recovered by centrifuge 
(4000rpm) and rinsed with absolute ethyl alcohol 3 times to remove un-reacted 
APTES and then dried in air at 60℃. Collected products were denoted as NH-Fibre. 
 
 
2.2.4 Preparation of GA Bonded Alumina Nano-fibre (GA-Fibre) 
 
The APTES grafted Alumina nanofibres was not completely ready for protein 
attachment yet, a cross link agent was required between enzyme molecular and the 
amino end of APTES group.  Therefore, NH-Fibre was designed to couple with the 
cross-linking agent GA which is a commonly applied bridging agent for the 
connection of target proteins [24]. In this experiment, 300mg of NH-Fibre was 
dispersed in 30ml pH7.0 buffer solution, the suspension was ultra-sonicated for 
10mins for better dispersion. To such dispersion, 0.5ml of GA liquid was mixed into, 
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the mixed dispersion was gently stirred for a period of 1 hour. The GA-Fibre was 
obtained from the fully engagement of NH-Fibre and GA molecular, it was washed 
with deionised water 3 times and recovered by centrifuge (4000rpm), the product 
was dried and stored in vacuum in order to isolate from oxygen. 
 
2.2.5 Immobilisation of Laccase on Functionalised Alumina Nanofibres  
 
The enzyme laccase was covalently bonded on GA-Fibre following steps below: 
certain amount of laccase powder was dissolved in 10ml of pH7.0 buffer solution, to 
this solution 25mg of GA-Fibre was dispersed. The dispersion was placed on shaking 
bed for a certain period at room temperature. The immobilised laccase was separated 
by centrifuge from laccase solution (2000rpm 5mins) and resined with deionised 
water. For comparison, Al-Fibre and NH-Fibre support was applied in parallel 
experiments following the exact same procedures, the laccase was physically 
adsorbed by these two supports.  
The immobilisation capacity of supports was determined by calculating the 
difference between concentration of original laccase solution and residue solution. 
The laccase concentration was determined by measuring the Uv-Vis adsorption at 
280nm and comparing the adsorption to standard curve. 
In order to study the immobilisation capacity of alumina nanofibre supports, the 
immobilisation process was investigated with two factors: concentration of original 
laccase solution and immobilizing period. In the first experiment, supports were 
dispersed in pH 7.0 laccase solution with concentration ranging from 0-800ppm, the 
immobilisation period was set as 12 hours for guaranteed equilibrium adsorption. In 
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the other experiment, alumina supports were dispersed in the pH 7.0 laccase solution 
with 1000ppm concentration, the immobilisation period setting was ranged from 
5mins to 480mins. 
 
2.2.6 Enzymatic Activity Determination 
 
ABTS is a compound commonly used to study the reaction kinetics of multi-
copper oxidise enzymes including laccase. It was employed as substrate in the 
laccase activity test due to the phenomenon driven by laccase that the transformation 
from ABTS to radical cation ABTS+ [34]. In this particular reaction, ABTS was 
selectively transferred to ABTS+, a kind of green cation radical which has identifiable 
UV-Vis absorption peak at 420nm. The UV-Vis absorption tests were conducted 
within 20mins after reaction. The concentration of ABTS+ could be calculated by 
equation as below: 
 
Where C is the concentration of ABTS+ in mol/L, A is the UV-Vis absorption, the 
absorptivity ε=3.6·104 M-1·cm-1, b is the thickness of cuvette in cm. 
In this project, 1 unit of laccase activity corresponds to the amount of laccase 
which convert 1μmol ABTS to ABTS+ per minute.  
 
2.2.7 Resistance to pH Value and Temperature Change 
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The resistance strength to pH and temperature change is an essential property of 
both free enzyme and immobilised laccase [49]. The activity of the free and 
immobilised laccase was tested at 25℃ with different pH value (3.0-7.0) buffer 
solution, which is constituted by NaH2PO4-Citric acid buffer system, in order to 
determine the resistance of laccase to pH changes. The laccase activity at pH value 
4.0 was set as 100%. On the other hand, in order to determine the resistance of 
laccase to temperature another similar experiment was conducted at pH value 4.0 but 
temperature ranging from 10℃ to 80℃. The laccase activity at 50℃ was set as 
100%. 
 
2.2.8 Reusability of Immobilised laccase 
 
Reusability is another important property of immobilised enzyme which 
indicates the bonding strength between supports and laccase. In this section, 
covalently immobilised laccase was applied in a routine activity test and then was 
separated from solution by 2000rpm centrifuge and washed with pure water for 3 
times to remove substrate and product. Then the recovered immobilised laccase was 
applied to another routine activity test immediately to determine the reusability of 
loaded laccase. One routine activity test was recorded as 1 cycle, 10 cycles of 
reaction was conducted constantly in this section. For comparison, the above 
procedures were repeated using laccase which physically adsorbed by NH-Fibre.  
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2.2.9 Characterisation  
 
2.2.9.1 X-ray Diffraction 
The wide-angle X-ray diffraction (WAXRD) patterns of sample 
powder were measured on a Siemens D5000 Panalytical X’Pert Pro X-ray 
diffract meter using Cu Kα1 radiation and a fixed power source (40kv and 
40ma). Samples were analysed over a range of 4-70° 2θ at a rate of 2.5° per 
min. 
 
2.2.9.2 Transmission Electron Microscopy 
TEM images were obtained with a Philips CM200 transmission 
electron microscope operating at 200kV. All samples were dispersed in 95% 
ethanol and loaded on the carbon-coated film for analysis. 
 
2.2.9.3 N2 Adsorption/desorption isotherms 
The N2 adsorption/desorption isotherms data was obtained from a 
Micrometrics Tristar II 3020 particle analyser, samples were dried at 110℃ 
in vacuum on a Micrometrics Flowprep 060 degasser prior to analysis. The 
BET equation was applied to determine the surface area. 
 
2.2.9.4 Ultraviolet-Visible light absorption spectra  
Uv-Vis spectra were measured using a Cary 50 UV-Vis spectrometer 
from Varian. Quartz cuvette employed in this part was purchased from 
Shimadzu Company. The baseline adjustment was conducted prior to each 
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scan, the blank comparison of samples were their corresponding buffer 
solutions. 
 
2.2.9.5 Infrared Spectroscopy 
IR spectra were obtained from Nicolet Diamond ATR 5700 
spectrometer. Each spectra were co-added by 64scans which over the 4000-
525cm-1 range with a resolution of 4cm-1. The Al-fiber sample was set as 
blank sample.  
 
2.3 RESULTS AND DISCUSSION 
2.3.1 Characterisation of Supports 
 
2.3.1.1 X-Ray Diffraction 
Firstly, XRD technique are utilised to identify the crystallite phase of 
raw γ-Al2O3 nanofibres. As shown in Figure 2.2, the XRD pattern of Al-
Fibre exhibits characteristic diffraction peaks match typical γ-Al2O3 material 
at 2θ values of (311), (222), (511) and (440), which indicates the Alumina 
nanofibres produced in this work are as designed and expected [48]. 
 
The further XRD tests were managed on functionalised Alumina 
nanofibres, the patterns are shown in Figure 2.2 as well. The XRD patterns 
of silane grafted Alumina nanofibres and GA attached Alumina nanofibres 
are found to be identical to each other and raw Al-Fibre. The comparison of 
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three XRD patterns illustrates that silane group and cross-linking agent GA 
have no impact on the crystal structure of immobilisation support. 
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Figure 2.2 Wide-angle XRD patterns of 3 different supports before laccase 
immobilisation 
 
 
 
2.3.1.2 Transmission Electron Microscopy           
The image provided by Transmission Electron Microscopy is the direct 
observation of the morphology of the nanomaterial. Figure 2.3 presents the 
image of the prepared γ-Al2O3 nanofibres, according to the image, the length 
of Alumina nanofibres is approximately 100-120nm, the width is around 
10nm.  
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Figure 2.3 TEM image of Alumina nanofibres 
 
 
2.3.1.3 Surface area of immobilisation support 
The surface area data was measured by N2 Adsorption/desorption 
isotherm techniques and calculated using the BET equation (Table 3.1).  
The surface area of Al-Fibre supports is found to be 187m2/g, which is a 
relative large surface area for this type of Alumina nanofibre structures 
allowing a great large immobilisation amount possible. On the other hand, 
the surface area of NH-Fibre and GA-Fibre are respectively 190m2/g and 
180m2/g. It can be found the surface area of functionalised Alumina 
nanofibres is close to the original Al-Fibre, which means the type of 
functional group has very little effect on the morphology of the support 
surface.  
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In contrast, the similar surface modification on mesoporous materials, 
which is widely used in the enzyme immobilisation, normally causes a 
dramatic reduction in surface area and pore volume. 
 
Sample Al-Fibre NH-Fibre GA-Fibre 
Surface area (m2/g) 187 190 180 
Table 2.1 BET data for immobilisation supports of three different kinds. 
 
 
2.3.1.4 Infrared Spectra 
The IR spectra of Al-Fiber, GA-Fiber and the subtracted result are 
shown in Figure 2.4, the Al-Fibre was presented as blank in order to 
demonstrate the successful attachment of silane group and GA cross linking 
agent. In the spectrum of Al-Fiber ranging from 4000cm-1 to 600cm-1, no 
distinguishable peaks can be observed only except the broad signal at 
3500cm-1 which corresponds to the -OH of alumina crystal surface. On the 
other hand, in the spectrum of GA-Fiber, the band located at 1068 cm-1 
corresponds to the stretch of C-O-Si bond, which proves the attachment of 
silane to Alumina. The conjunction signal of the stretching of -C=N bond is 
observed around1610cm-1, such band clearly demonstrated the cross-ling of 
GA group. In addition, the band found at 2919cm-1 is corresponding to the –
C-H and =C-H stretching which cannot be observed from Al-Fiber sample, 
it could be a collateral evidence that organic groups were grafted on Al-
Fiber  [41].  
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Figure 2.4 IR spectra of the functional group attached Al-Fibre. 
 
2.3.2 Immobilisation of Laccase 
The immobilization capacity of supports is shown in Figure 5. The data of 
laccase immobilization as a function of time is presented in Figure 5a, when laccase 
concentration is 500ppm and pH value is 7.0, the equilibrium adsorption could be 
achieved in 90min to all three supports. Due to its large surface area and simple 
surface morphology, the adsorption duration is incredibly short. Despite the fast 
adsorption speed, the mount of immobilized laccase is another advantage of 
functionalized Alumina nanofibres structure. To which, 1 g NH-Fibre can adsorbed 
110 mg laccase while 1g GA-Fibre would covalently bond 107 mg laccase, on the 
other hand, pure 1g Al-Fibre adsorbed only 17mg laccase. The duration that 
equilibrium adsorption had been achieved for all three supports are parallel, the 
reason is the morphology of three supports are the same. Although the adsorption 
speed of Al-Fibre and NH-Fibre are similar, however the difference of adsorption 
amount between them is enormous where the electrostatic adsorption plays a crucial 
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role in. Figure 5c presents the zeta potential vs pH value of Al-Fibre, NH-Fibre and 
Laccase, their measured isoelectric point were 7.78, 9.45 and 2.02 respectively. It is 
shown that silane grafting has great impact on the electrical property of fibre surface. 
In the immobilization process where practical pH value was set at 7.0, the laccase 
protein molecular is strongly negative charged, the measured zeta potential is -
32.5mV. On the other hand, NH-Fibre is surrounded by strong positive charge, the 
measured zeta potential is +27.31mV. The attraction between support and enzyme 
caused by opposite charges explains the large immobilization amount on NH-Fibre. 
In contrast, Al-Fibre generates only +5.73 mV of zeta potential under practical 
condition, such positive charges are so close to neutral that adsorption between 
support and enzyme is weak and the immobilization amount is dramatically lower 
then NH-fibre [50][12][51]. In addition, the immobilization capacity of NH-Fibre and 
GA-Fibre are similar, the reason is that firstly the surface area are same, secondly the 
amount of –NH end on NH-Fibre are equal to the amount of GA cross-ling agent on 
GA-Fibre. Even though, the immobilization mechanisms are completely different 
between the two supports, this will be further discussed in section 3.4.  
 
Figure 5b is presenting an isothermal adsorption curve which illustrates the 
immobilization capacity as a function of laccase concentration. According to 
previous results, the period of this experiment was 6 hrs in order to achieve absolute 
equilibrium adsorption.  Firstly, it can be found that the equilibrium adsorption 
amount of three supports is similar to the Figure3.4a. 1 g raw Al-Fibre adsorbed only 
14mg laccase at pH value 7.0. On the other hand, NH-Fibre and GA-Fibre have 
relatively large immobilizing amount of laccase at the same pH value, 1 g NH-Fibre 
is capable of adsorbing 110mg laccase and saturated adsorption of 1g GA-Fibre is 
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105mg laccase. Besides, the maximum adsorption could be achieved where the 
environmental laccase concentration is higher than 200ppm, the maximum 
adsorption amount remains the same when the laccase concentration increasing 
higher even to 800ppm, that is also the reason that 1000ppm laccase was applied in 
the experiment of laccase immobilization as a function of time. 
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Figure 2.5 (a) Immobilised amounts of laccase on the supports as a function of time. 
(b) Immobilised amounts of laccase on the supports as a function of laccase 
concentration. (c) Zeta potential vs pH value of Laccase and NH-fibre. 
 
                   
 - 22 - 
 
2.3.3 Activity of the Immobilised Laccase 
The activity of laccase was defined as the ability of transferring ABTS to ABTS+. 
As previously stated, 1 unit of laccase activity corresponds to the amount of laccase 
which convert 1μmol ABTS to ABTS+ per minute. 
No matter the enzyme is physically adsorbed or covalently bonded on support, 
the immobilisation process would have impact on the enzymatic activity because of 
the change of surface charge and spatial structure on enzyme molecular, in most 
cases, the impact is negative. As a consequence, to what extent the enzymatic 
activity can be recovered after immobilisation process becomes the great concern of 
immobilisation technique. In this work, the activity test comparison between free 
laccase and immobilised laccase was conducted at pH value 4.5 and temperature 20 
as recommended by chemical supplier. The results are shown in Figure 2.5.5. 
It can be found that 87.3% of the activity was retained on laccase supported by 
NH-Fibre. In comparison, the laccase on GA-Fibre retained 76.1% of the activity 
which is slightly lower than NH-Fibre due to the structure impact causing by 
covalent bond. In sum up, the activity recovery ratio of both the two immobilisation 
processes are remarkably high. 
 
Enzymes Activity of laccase (U/mg) Recovery yield of laccase 
(%) 
Free laccase 10.327 100 
Laccase-NH-Fibre 9.012 87.3 
Laccase-GA-Fibre 7.862 76.1 
Table 2.2 Activity recovery ratio of immobilised laccase 
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Figure 2.6 Resistance of pH value and temperature comparison between Free 
Laccase and Immobilised Laccase. 
 
2.3.4 Resistance to pH value and temperature 
 
As a biocatalyst, the activity of enzyme only exists in a relatively small range 
of pH value and temperature, thus the resistance to pH value and temperature change 
is of significant importance to the natural property of enzyme. Due to the similar 
reason on the enzymatic activity, the immobilisation process has impact on this 
property. However, on the contrary the immobilisation process normally increases 
the resistance ability of enzyme to the environment, because the immobilisation of 
enzyme is also the reinforcement of the spatial structure. 
Figure 2.7 shows the activity of free and immobilised laccase at different pH 
values from 3.0 to 7.0. In order to display comparison, the activity ratio was given 
rather than actual activity unit, the pH value of 100% activity was set on the basis of 
experiment results.  It can be found that the enzyme laccase prefers to the low pH 
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value environment, the activity was completely lost when pH value reaches 7.0 and 
the optimised pH value for both free laccase and immobilised laccase is 4.0. The 
result also demonstrated that immobilisation process enhanced the ability of laccase 
to resist the pH value change, the immobilised laccase exhibits higher activity ratio 
in the pH range from 3.0 to 6.0, however the activity of immobilised laccase was 
completely lost at pH 7.0 as same as the free laccase. 
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Figure 2.7 Activity of the free and immobilised laccase at different pH values. 
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Figure 2.8 Activity of the free and immobilised laccase at different temperature. 
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Figure 2.8 displays the effect of temperature on the activity of the free and 
immobilised laccase, the results are shown as the ratio to the maximum activity as 
well. In normal chemical reactions, the reaction rate usually increases as the 
temperature is raised. However, in enzymatic reaction, the temperature increasing 
could cause denaturation of enzyme molecular by destroying the quaternary structure 
and results in the dramatic decreasing of reaction rate. According to the experimental 
data, laccase adapt to relatively high temperature, it exhibits maximum activity at 
50℃, nearly 75% activity remains when heated up to 80℃. On the other hand, the 
activity dropped rapidly when temperature reduced below 50℃, only 30% of activity 
was retained at 10℃ for free laccase and 42% for laccase immobilised on GA-Fibre. 
Comparing with free laccase and physical adsorbed laccase, the covalently bonded 
laccase exhibits higher activity ratio in the whole temperature range from 10℃ to 
80℃, which means immobilisation process can improve the thermal stability of 
laccase. That is because covalent bonding stabilised laccase on molecular level and 
reduced the damage to spatial structure. 
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Figure 2.9 Reusability of laccase on NH-Fibre and GA-Fibre. 
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2.3.5 Reusability 
 
To determine the reusability and investigate the mechanism of the 
immobilisation of laccase on NH-Fibre and GA-Fibre, the immobilised laccase was 
introduced into a continuous cycle reaction. The results of 10 cycles of constant 
reaction were shown in Figure 2.9, it can be found that 63% activity of immobilised 
laccase was retained on GA-Fibre after the cycles reaction. In contrast, activity of 
laccase on NH-Fibre reduced rapidly, only 12% activity remained on NH-Fibre after 
5 cycles and it ends at 7% after 10 cycles. The reusability performance of 
immobilised laccase not only demonstrated that laccase immobilised on GA-Fibre 
can be applied in a relatively long term application, it also indicates that there is no 
strong bonding force between laccase and NH-Fibre support as it can be rinsed from 
support. In the contrast, the laccase immobilised on GA-Fibre is much more stable 
and proven to be covalently bonded. 
 
2.4 CONCLUSION 
 
The precursor of γ-Alumina nanofibres was synthesized by the hydrothermal 
reaction of Al(NO3)3·9H2O and TEAOH at 170℃, the reaction period was 72 hours 
and the pH value was adjusted to precise 5.0 to obtain boehmite nanofibres. 
Boehmite nanofibres were transferred to γ-Alumina when calcining at 550℃, then 
the Alumina nanofibres of average 80-120nm length and 10nm width was prepared.   
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Alumina nanofibres was functionalised with group APTES and cross linking 
agent Glutaraldehyde for enzyme immobilisation. The attachment of functional 
group and cross linking agent was determined by IR spectra. 
Laccase from Trametes versicolour was covalently immobilised on fully 
functionalised Alumina nanofibres. The raw Alumina nanofibres and silane only 
functionalised Alumina nanofibres was applied in the same immobilisation process 
through physical adsorption method, these two supports were set as comparison. 
The immobilisation capacity and of different supports was tested as long as the 
influencing factor for the equilibration adsorption. A relatively large amount of 
laccase has been immobilised in this experiment and the immobilised laccase 
retained its activity to a great extent. 
The thermal and pH stabilities of immobilised laccase was tested and proven to 
be improved as compared to the free laccase. In addition, the immobilised laccase 
was introduced into a cycle reaction test, during which, the covalent bonded laccase 
exhibited much better reusability compare to physical adsorbed laccase. 
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Chapter 3: Modified Alumina Nanofibres 
Coating on Porous Alumina 
Supports for Protein Separation 
3.1 INTRODUCTION 
Large-scale purification/separation of bio-substances is a key technology 
required for rapid production of biological substances in bioengineering. Among 
which, highly efficient protein separation is an essential process of great importance 
in molecular biology research for the isolation, purification and recovery of proteins 
and enzyme in pharmaceutical, food and medical industries [52] [53] [54] [55]. In most 
cases, protein separation is not only a technical challenging but also a critical 
limiting factor in large-scale biological production. Conventional separation 
techniques involve labor-intensive and time consuming processes, such as 
precipitation, filtration, centrifugation, crystallization, resolution-focused affinity 
chromatography and electrophoresis purification [56] [57] [58]. For example, ammonium 
sulphate was commonly applied in the bulk protein purification, the surface charge of 
proteins is being changed and causes protein denaturation, and consequently proteins 
are isolated from solvent by precipitation and filtration processes. However, the 
roughness of such technique and the damage caused on protein molecular limits its 
further applications in fine bio-production. For the analytical protein separation, 
chromatography is the mostly applied technique, which includes gel permeation 
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chromatography based on the size exclusion strategy, ion exchange and 
hydrophobicity chromatography based on the surface interaction of protein and other 
specific chromatography techniques [59][60]. Although effectiveness of 
chromatography technique is widely accepted, it is still restricted by its limited scale 
and efficiency due to the low flow rate and expensive chromatographic support.  
With the progress in separation technology and advanced materials, membrane 
filtration has attracted much attention due to the potential for improvements in flow 
rate, energy savings, operation costs, and environmental impacts.  As a consequence, 
the ultra-filtration membrane technology was introduced into this field dependent on 
size exclusive, surface charges and interactions [61]. These membranes were 
fabricated by two major materials which are polymeric and ceramic materials [62] [55]. 
Due to low cost and ease of fabrication, bulk of research papers focus on electrospun  
fibers polymer ultra filtration membranes which have pore sizes ranging from 1 to 
100nm [63] [64] [65] [66] [67]. For example, cellulose acetate fibre, which was utilised in 
the very first polymer ultra-filtration membrane, is a wildly applied material with 
various modifications [68]. Sivakumar M. and Mohan R.D fabricated the cellulose 
acetate ultra-filtration membrane and it was functionalised by polysulfone, such 
functionalised membrane was managed to reject 90% of BSA protein with molecular 
weight of 69 kDa and 60% of Trypsin of molecular weight 20kDa, the corresponding 
permeate flux were 74.5 L·h-1·M-2 and 83.7 L·h-1·M-2 under high pressure of 345KPa 
[69]. In addition, many other functional groups and materials have been reported to be 
incorporated with cellulose acetate to achieve performance enhancement, such as 
amphiphilic copolymer Pluronic F127 which improved the water flux to 100 L·h-
1·M-2 at lower pressure of 150KPa [70][71].  Inorganic materials such as Silica particles 
had been applied to modify the cellulose acetate ultra-filtration membranes as well, 
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the results indicate that the rejection of BSA reaches 95% and decreases with the 
increase of Silica ratio, however only 46.76 L·h-1·M-2 of water flux was observed 
under pressure 345KPa [72]. Other than cellulose acetate and polysulfone materials, 
poly vinyl membrane has attracted significant attention as well. For instance, Poly 
vinylidene fluoride membranes had been blend with amphiphilic poly methacrylates 
and poly ethylene oxide in order to resistant proteins [73]. Moreover, Yu and Lee 
introduced Au nanotubules into the pores of polycarbonate template membranes for 
the size based protein separation and illustrated the relation between Au nanotubules 
diameter and the selectivity of protein separation [74]. Through all the attempts that 
utilising polymer ultra-filtration membrane in the purpose of protein separation and 
filtration, it can be found that in most cases the polymer membranes were succeeded 
in rejecting major parts of the target protein from solvent where the protein 
molecular weight decreases to 20KDa. The water flux of polymer membranes are 
mostly no larger than 100 L·h-1·M-2 at high pressure of 300KPa even though they are 
better than chromatography method. It still significantly restricts the performance of 
polymer ultra-filtration membrane in large scale application. Meanwhile, the 
researches of polymer membranes indicate that the surface hydrophobicity is able to 
make great improvement on the protein rejection. 
 
Even through, the selectivity of polymer membrane achieved a fairly high 
ratio, the low permeation flux urged researchers to develop new membrane materials, 
especially for proteins with diameters of 1-10nm and sensitive to minor differences 
in protein properties. Therefore, ceramic materials such as zirconium, titanium and 
aluminium oxide were extensively studied for the separation of protein due to the 
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outstanding mechanical strength and thermal stability [75]. Additionally, many 
innovative techniques have been developed to enhance the efficiency of membrane 
processes. Ceramic nanoparticle materials had attracted the first attention, wide range 
of nano particles of various types were applied such as TiO2, ZnO, Al2O3 and Silica 
[76]. Researchers firstly attempted to combine the organic membrane and ceramic 
nanoparticle [77][78][79][80], they studied the impact of nanoparticles on morphology and 
performance of the organic membranes, the decreased water flux caused by 
decreased porosity had been observed as well as the enhanced protein resistance. In 
order to obtain higher penetrant rate, researchers then focused on the pure ceramic 
membrane which are typically formed by a substrate layer and a thin separation layer 
[81]. Rabiller-Baudry fabricated an ultra-filtration system which consisted by Alumina 
base and the separation layer composed by zirconium particles of diameter 1μm [82]. 
They tested the ultra filtration performance of the membrane to both single protein 
solutions (lysozyme and lactoferrin) and mixed protein solution, it was found that the 
membranes modified with pyrophosphate or ethylenediamine groups exhibits higher 
selectivity than original membranes, they suggested that the electrostatic interaction  
between modified membranes and proteins has great contribution to the membrane 
performance. On the other hand, some researchers designed the separation layer in 
mesh structure using ceramic nanofibre material to increase permeation flux while 
maintaining the high selectivity. According to Ke, in order to improve the selectivity 
of membranes consisted of particles which is defined as conventional ceramic 
membrane, the particles size should be correspondingly reduced in order to reduce  
the pore sizes, such reduction causes serious flux loss [83]. Besides, the formation of 
particles in conventional membrane inevitable creates a great amount of dead-end 
pores which decreases the porosity of membranes. Due to these inherent 
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disadvantages, the conventional ceramic membranes are unable to possess the high 
flux and selectivity at the same time, consequently ceramic nanofibres is attracting 
increasing interest [84].  The structure of nanofibres membrane is basically mesh-like 
which is known as the most efficient in filtration system, the porosity of the 
nanofibres layer can be over 70% in contrast to the below 36% of the conventional 
membrane [47]. In the fabrication of nanofibres membranes, researcher tend to 
prepared bi-layer system, the top layer was separation layer made of nanofibres for 
the filtration purpose and the bottom layer was support layer made of porous ceramic  
material for mechanic support and high flux. For example, Ke managed to coat one 
layer of Titanate nanofibres on the top of porous α-Alumina and glass support and 
then one layer of Alumina nanofibres above, the separation performance of prepared 
membrane was tested by standard latex sphere where 97.3% of 108nm spheres were 
rejected, while the water flux of the membrane reaches 4000 L·h-1·M-2. Furthermore, 
Ke reported another novel method for nanofibres membrane fabrication, the 
aluminium hydroxide, which is the precursor sol-gel of Alumina nanofibres, was 
filled into the pores of the α-Alumina support and in-situ transferred to Alumina 
nanofibres, such membranes was applied in the separation of protein and DNA 
molecular and achieved the rejection of 93% of 12nm size protein at a flux of 95.4 
L·h-1·M-2, in the contrast, the flux of polymer membrane which has similar 
achievement  was reported to be less than 60   L·h-1·M-2 [47] [85] [82]. In addition, not 
only Alumina nanofibres, Titanate nanofibres has been reported to be utilised in 
ultra-filtration membranes,  Qiu sintered  Titanate nanofibres on the surface of α-
Alumina tubes in the presence of polyvingl alcohol, the fabricated membrane 
exhibits extraordinary water flux of 4000 L·h-1·M-2 while the molecular weight cut-
off (MWCO) is 32KDa [84]. It can be found that the ceramic nanofibres membrane 
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achieved a new grade of water flux while maintaining the same separation efficiency, 
yet there are still enormous of nanofibres of different materials and types can be 
applied in the fabrication of ceramic ultra-filtration membrane. Moreover, the 
ceramic membranes could be functionalised following the strategy of polymer 
membranes as described above to enhance the performance. 
In this study, synthesis condition of Alumina nanofibres was optimized and a 
series of characterisations was conducted. Then the prepared Alumina nanofibres 
were dip coated on the porous α-Alumina disc support to form bi-layer membranes 
for protein separation. To combine the sieving effects and surface properties of the 
fiber membranes, the membranes were functionalised with silane group to modify 
the membrane surface to hydrophobicity, such modification improved selectivity 
while retained a high permeating flux. Gel permeation chromatography (GPC) is 
used to indirectly determine the pore size, the surface contacting angle analysis was 
applied for measuring the wetting property. The water flux of the membranes of each 
step was measured to illustrate the penetration property, the MWCO of the 
membranes was determined by standard dextran solution and the protein separation 
tests were conducted using BSA, cellulase and Trypsin to demonstrate the 
performance of resultant membranes.  
3.2 EXPERIMENTAL 
3.2.1 Materials 
Unless otherwise stated, all the chemicals were commercially purchased from 
suppliers and used without any further purification. Albumin from bovine serum 
powder (BSA), Cellulase from Trichoderma viride, Trypsin from bovine pancreas, 
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(3-aminopropyl) triethoxysilane (APTES) and Polyglycol ether surfactants (T15S-7) 
were purchased from Sigma Aldrich. Dextran from Leuconotoc mesenteroides of 
M.W. 10,000, 40,000, 70,000 and 500,000 were purchased from Sigma Aldrich. 
NaAlO2 and Acetic acid are of analytical grade. Phosphate buffer solution (PBS) was 
prepared by NaH2PO4, Na2HPO4 and KH2PO4. The Membrane α-Alumina disc 
supports were supplied by Membrane Science and Technology Research Centre of 
Nanjing University of Technology, the disc supports are of 30mm in diameter and 
2mm in thickness and have a mean pore size of 0.8 μm. All other chemicals used in 
the experiment were of analytical grade. 
 
3.2.2 Fabrication of surface functionalised Alumina Nanofibres membrane 
 
3.2.2.1 Synthesis of Boehmite Nanofibres 
The boehmite nanofibres was prepared by the hydrothermal reaction 
involves NaAlO2 and acetic acid in the presence of surfactant. Firstly, 9.4g 
of NaAlO2 was dissolved in 25 ml of deionised water, and then the above 
solution was dropwise added into 50ml of 5mol/L acetic acid solution 
under vigorously stirring. A white precipitate was obtained and recovered 
by centrifugation and then washed with deionised water for 4 times to 
remove Na+. 2g of T15S-7 surfactant was mixed into the aluminium 
hydrate cake under vigorously stirring, the pH value of the mixture was 
precisely adjusted to 5.0 using ammonia. After 1 hour of stirring, the 
mixture was transferred into closed autoclave and kept in oven. The 
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obtained wet cake was washed with deionised water 3 times and ethanol 
once. 
In order to optimise the reaction condition, the synthesis 
procedure was conducted at different reaction temperature of 130℃ 
and 180℃. The reaction period was studied as well and set to 12hours, 
24hours, 48hours and 72hours in this experiment. 
The prepared boehmite nanofibres were calcined at 550℃ for a 
period of 5 hours to convert to γ-Al2O3 nanofibres for further property 
test. 
 
3.2.2.2 Alumina Nanofibres coating on Support Membrane 
The prepared boehmite nanofibres was coated on the surface of 
Alumina disc support as shown in Figure3.1, the raw disc was labelled 
as Blank-Membrane. The nanofibres were loaded by dip coating 
where 0.05MPa vacuum was added beneath the disc. The excess 
precipitate on the top surface was removed simply by scraping and 
flushing [24]. The boehmite coated disc was labelled as Bo-Membrane. 
The boehmite nanofibres coated support was then placed in 
Muffle furnace for subsequent calcination at 500℃ for a period of 5 
hours. During which, the boehmite nanofibres layer was converted to 
γ-Al2O3 nanofibres and firmly attached on the surface of support. 
The above procedure was repeated 3 times on each disc support to 
ensure the complete cove. The prepare disc support was labelled as 
Al-Membrane. 
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  Figure 3.1 Alumina disc support. 
 
 
 
 
3.2.2.3 APTES grafting on Alumina Nanofibres coated Membrane 
The APTES group was introduced to the prepared Al-Membrane 
to for a hydrophobic modification. The experiment procedure is as 
follow: Prepared Al-Membrane was immersed and suspended in the 
anhydrous toluene, to the toluene 0.9g of APTES liquid was added. 
The system was heated to 110℃ in oil bath and kept for 48hours under 
stirring. The recovered disc was rinsed with pure ethanol and dried in 
air at 60℃. The final obtained disc was labelled as NH-Membrane. 
The ABTES grafting was also carried out on the γ-Al2O3 
nanofibres which mentioned in section 3.2.1, the experiment 
procedure refers to section 2.2.3. The NH-Fibre was prepared for 
characterisation as well as γ-Al2O3 nanofibres. 
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3.2.3 Performance of Ultra-filtration Membrane 
 
3.2.3.1 Permeability Efficiency 
The permeability efficiency was determined by water flux and 
compared between Membranes of 4 stages. The peristaltic pump was 
applied as pressure source. In this experiment, due to the function way 
of our peristaltic pump, the flow rate was set as still and the pressure 
was measured and recorded. 
 The deionised water was applied as penetrant and the diameter of 
effect area of loaded membrane is 20mm. 
 
3.2.3.2 Dextran Retention Test 
The standard dextran solution was employed in the retention test 
of membrane for the MWCO test. Dextran from Leuconotoc 
mesenteroides of 4 different M.W. were selected which are 10,000, 
40,000, 70,000 and 500,000. The experiment system was the same to 
permeability efficiency section. The standard dextran solution of 
1000ppm was employed as penetrant, the pressure was stabilised at 
145 psi by adjusting the flow rate. The concentration of penetrated 
dextran solution was measured by gel permeation chromatography 
(GPC) technology.  
The MWCO was determined by comparing the concentration of 
penetrated dextran solution to the original dextran solution. 
 
3.2.3.3 Protein Separation Efficiency 
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In this section, the experiment system was the same to the 
previous only except the penetrant was changed to protein solution. 
BSA, Cellulase and Trypsin were employed in the protein 
separation test because of the step-down molecular weight which 
are 66K Da, 45K Da and 23.8K Da respectively. The protein 
concentration was determined by Uv-Vis spectroscopy and a 
standard curve was created prior to sample analysis. The 
separation efficiency was determined by comparing the 
concentration of penetrated protein solution to penetrant 
solution. The effect of penetrant concentration on the separation 
efficiency was studied on the range of 0-1000ppm. 
 
3.2.4 Characterisation Techniques and Instruments 
 
3.2.4.1 BET N2  adsorption 
 The N2 adsorption/desorption isotherms data was obtained from a 
Micrometrics Tristar II 3020 particle analyser, samples were dried at 
110℃ in vacuum on a Micrometrics Flowprep 060 degasser prior to 
analysis. The BET equation was applied to determine the surface area. 
The Boehmite nanofibres, γ-Al2O3 nanofibres and NH-Fibre were 
involved in the N2 adsorption test for the comparison. 
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3.2.4.2 Transmission Electron Microscopy 
TEM images were obtained with a Philips CM200 transmission 
electron microscope operating at 200kV. All samples were dispersed 
in 95% ethanol and loaded on the carbon-coated film for analysis. 
 
3.2.4.3 Field Emission Scanning Electron Microscopy  
The Field Emission Scanning Electron Microscopy (FESEM) was 
utilised to directly observe the morphology of the membrane surface. 
The images were obtained with a JEOL JSM 7001f instrument 
operating at 10kV. All samples were coated with gold to improve the 
conductivity and deposited on the carbon-coated film prior to analysis. 
 
3.2.4.4 X-ray Diffraction 
The wide-angle X-ray diffraction (WAXRD) patterns of sample 
powders were measured on a Philips Panalytical X’Pert Pro X-ray 
diffract meter using Cu Kα1 radiation and a fixed power source (40kV 
and 40mA). Samples were analysed over a range of 4-70° 2θ at a rate 
of 2.5° per min.  
The X-ray Diffraction analysis was conducted directly on the 
disc samples with specified sample carrier, as a consequence, the X-
ray Diffraction pattern presents the crystal information of disc surface. 
 
3.2.4.5 Gel permeation chromatography 
The GPC spectra were obtained from Waters HPLC system using 
RI detector and running 0.2M sodium dihydrogen phosphate pH7.0 
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solvent at 1 ml/min. The column was a 2*7.8*300nm water ultra-
hydro gel linear column. A standard curve of dextran solution was 
created prior to sample analysis.  
 
3.2.4.6 Contact Angle Analyser 
The surface contact angle of analysed by a Nanotech FTA200 
Contact Angle Analyser. All disc samples were dried in air at 60℃ 
over night prior to the test. 
 
3.2.4.7 Pore Size Distribution Test 
The pore size distribution of the membranes was indirectly measured 
by using the liquid to liquid displacement method. Firstly, isopropanol 
was mixed with deionised water in 1:1 volume ratio, after 
stratification the mixture was separated to isopropanol rich phase (oil 
phase) and water rich phase (water phase). Membranes were 
immersed in oil phase in vacuum overnight to fill pores with liquid, 
such filled membrane was named wet membrane. The wet membranes 
were set in pumping device in order to displace the oil phase liquid 
with water phase liquid. By monitoring the pressure and the flow rate, 
the corresponding pore radius opened at a given applied pressure can 
be calculated using the Laplcase equation: 
     
Where  is the applied pressure in Mpa, r is the equivalent proe 
radius in meter, is the interfacial tension between water and 
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isopropanol, θ is the contact angle which was set as approximate value 
0 degree in this case.  
Assuming that the pores are cylindrical and by using the Hagen-
Poiseuille equation, the number of pores that opened can be correlated 
by:   
    
Where Qi is the volumetric flow, rk is the pore radius, Pi is the 
pressure, η is the dynamic viscosity of the water and l is the pore 
length which is set as membrane thickness [86]. 
 
3.2.4.8 Thermo-gravimetric Analysis 
Thermo-gravimetric analysis of boehmite nanofibres was carried 
out in a TA Instruments incorporated series Q500 high-resolution 
thermo-gravimetric analyser in a flowing nitrogen atmosphere. The 
sample was placed in an open platinum plate and heated up to 1000℃ 
at the rate of 10℃ per min.  
3.2.4.9 FTIR spectroscopy  
FTIR spectra were obtained from Nicolet Diamond ATR 5700 
spectrometer. Each spectra were co-added by 64scans which over the 4000-
650cm-1 range with a resolution of 4cm-1.  
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3.3 RESULTS AND DISCUSSION 
3.3.1 Effect of Temperature on the Synthesis of Boehmite Nanofibres 
To investigate the effect of reaction temperature on the boehmite nanofibres 
growth, the hydrothermal synthesis was conducted at 130℃ and 180℃, the reaction 
period was 24 hours. The Figure 3.2 displays the TEM images of these prepared 
boehmite nanofibres where Figure3.2 (a) refers to the boehmite nanofibres 
synthesized at 130℃ and Figure3.2 (b) refers to 180℃. 
 
It can be found that the boehmite nanofibres were better shaped at lower 
temperature, the average length of boehmite nanofibres was 80-140nm. In the 
contrast, the boehmite nanofibres synthesized at 180℃ was much shorter and length 
was ranging from 40nm-90nm. However, the width of these two boehmite nanofibres 
samples are the same, the average width is 7-9nm. The result indicates that the lower 
synthesis temperature 130℃ is beneficial to the growth of boehmite nanofibres rather 
than higher temperature 180℃. Therefore, the synthesis temperature130℃ was 
determined as optimised reaction condition. 
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Figure 3.2 TEM images of Boehmite nanofibres as effect of reaction 
temperature. (a) Boehmite nanofibres synthesized at 130℃. (b) Boehmite 
nanofibres synthesized at 180℃. 
 
3.3.2 Effect of Reaction Time on the Synthesis of Boehmite Nanofibres 
The boehmite nanofibres synthesis on effect of reaction time was studied 
where the reaction temperature was set at 130℃ based on the last section. The 
images shown in Figure 3.3 are TEM images of different synthesis period. 
Figure 3.3 (a) is the images of boehmite synthesized in 12 hours, according to 
this TEM image, the boehmite nanostructure had been formed within 12 hours 
yet not complete, the edge of each individual nanofibres is not clear and many 
fragments can be observed.  Figure 3.3 (b), (c) and (d) are the images of 
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boehmite synthesized in 24 hours, 48hours and 72 hours respectively. In can be 
found that the boehmite nanofibres structure was kept growing with the 
synthesis time increasing. After 48 hours of growing, the boehmite nanofibres 
appeared to be complete and fully distinguishable. However, the boehmite 
nanofibres synthesis in 72 hours has been found no better than those in 48 
hours. Thus, the reaction period of 48 hours has been selected when taking 
time efficiency into consideration.  
 
 
Figure 3.3 TEM images of Boehmite on effect of reaction time. (a) Boehmite 
nanofibres synthesized in 12 hours. (b) Boehmite nanofibres synthesized in 24 
hours. (c) Boehmite nanofibres synthesized in 48 hours. (d) Boehmite 
nanofibres synthesized in 72 hours. 
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3.3.3 Characterisation of Boehmite Nanofibres and Ultra-filtration Membrane 
 
3.3.3.1 Surface area 
The BET results are displayed in Figure 3.4. The surface area of 
Boehmite nanofibres is 147m2/g, it deceases with the increase of 
synthesis period, the Boehmite nanofibres of 72 hours exhibits surface 
area of 125 m2/g. The surface area result of Al-Fibre shows the same 
trend where the surface area of 12 hours Al-Fibre is 260m2/g and 72 
hours Al-Fibre is 200m2/g, such trend demonstrated the increase of 
crystal size which described in TEM result. In addition, it can be 
found that Alumina nanofibres exhibits the surface area very similar to 
APTES functionalised Alumina nanofibres, the difference between 
them are less than 10 m2/g, the similarity indicates that the surface 
morphology remains the same after APTES grafting. However, the 
surface area of boehmite nanofibres, the precursor of Alumina 
nanofibres, is lower than calcined Alumina nanofibres and 
functionalised Alumina nanofibres, the reduction is dramatic 
considering their similar morphology. The explanation is the residual 
surfactant on boehmite nanofibres has negative impact on the N2 
adsorption process and it can only be burned out in calcine but cannot 
be simply washed by water.  
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Figure 3.4 N2 adsorption result of three nanofibres of different 
reaction time. 
 
 
3.3.3.2  Thermo-gravimetric Analysis 
The Figure 3.5 (a) is the TG curve of boehmite nanofibres 
and Figure 3.5 (b) is the DTG curve which indicates the change of 
boehmite nanofibres mass loss rate. Firstly, the dehydration 
contributes to the weight loss below 100℃, the weight loss in this 
stage is not significant due to the pre-dry of sample. By 
comparing the TG curves of boehmite fibre from different 
synthesis period, the similar results can be observed that the main 
weight loss from 90% to 60% occurs between 300 ℃ and 450℃. 
However, the DTG curves, on the other hand, verified two 
separated mass loss process in this stage. When temperature 
increased to around 350℃, the adherent surfactant on boehmite 
fibre was burned out, it causes a sharp peak on DTG curve of 
 - 47 - 
 
each boehmite sample. The great amount of adherent surfactant is 
the reason why boehmite nanofibres exhibit low N2 adsorption. 
The other peak can be found around 450 ℃ in DTH curves which 
suggesting the boehmite fibre was converted to γ-Alumina fibre. 
It can be found that this peak was broad where the boehmite 
nanofibres synthesis is of 12 hours period, with the synthesis time 
increasing, this peak became narrow and distinguishable. The 
boehmite nanofibres of 72 hours synthesis period exhibits the best 
shaped peak which illustrate that the crystal structure of boehmite 
nanofibres is complete after 72 hours growth. 
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Figure 3.5 (a) Thermo-gravimetry of Boehmite nanofibres (TG), (b) Derivative 
Thermo-gravimetry (DTG) of Boehmite nanofibres. 
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Figure 3.6 XRD pattern of Boehmite nanofibres, Original disc support                                        
and Boehmite nanofibres coated support.  
 
 
3.3.3.3 X-ray Diffraction 
Figure 3.8 shows the X-ray Diffraction pattern of Original Disc 
Support, Boehmite Nanofibres and Boehmite Nanofibres coated 
Membrane. From these patterns, the Boehmite material exhibits the 
characteristic peaks differ from Original Disc Support. However, these 
characteristic peaks were possessed by Boehmite Nanofibres (JCPDS 
PDF No.21-1307) coated membrane, therefore it can be proved that 
Boehmite nanofibres had been successfully coated on the surface of 
Disc Support.  
 
3.3.3.4 Field Emission Scanning Electron Microscopy 
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The FESEM technology provided the direct observation of 
Alumina nanofibres coated membrane, the surface morphology of the 
original support and the silane-grafted alumina nanofiber membrane is 
shown in Figure 3.7. The surface of porous support is rather rough 
with large pores of micron-scale. After coated with nanofibers on the 
surface, the support has been completely covered with fibers even 
though topography of the original support can still be identified. The 
enlarged image locally showed further the well-dispersed fiber layer 
on the surface. The alumina nanofiber layer has dramatically reduced 
the pore size of the resultant membranes without any obvious pin-
holes and cracks. 
 
 
Fig. 3.7 FESEM images of the membrane surface of (a) a porous α-alumina support, 
(b) a silane-grafted fiber membrane, and (c) the enlarged image in the local area of 
(b). 
 
3.3.3.5 Contact angle analysis 
As shown in Figure3.8, it is the picture of a water drop on the 
surface of Al-membrane and NH-membrane. To compare the wetting 
property of the membranes, the contact angles of a blank support and 
a silane-grafted fiber membrane were measured. The contact angle for 
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Al-membrane is only is 16o which indicates the hydrophily of the 
membrane surface. The results indicate that surface modified 
membranes present high hydro-phobicity.  In the contrast, when water 
was dropped on the Al-membrane, it was instantly adsorbed by the 
membrane and left no drop on the surface. In contrast, after grafting 
with the silane groups, the contact angle increased to 136o indicating 
highly hydrophobic surface was achieved after treatment. The contact 
angle analysis results illustrated that the APTES group has been 
successfully grafted on the Al-membrane and modified it from 
hydrophilic to high hydrophobic.  
  
Figure 3.8 The contact angle of (a) a porous  α-alumina support and (b) a  
silane-grafted fiber membrane. 
 
 
3.3.3.6 FTIR spectrum 
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Figure 3.9 The FTIR spectra of Al-membrane, Silane(ApTES) and NH-membrane 
 
Figure 3.9 shows the infrared spectra of alumina nanofiber membranes. The 
amounts of alumina fibers grafted on the surface of the support are very small, 
relative to the background of the Al-membrane. Thus, the samples were collected by 
scratching the surface of a silane-grafted fiber membrane and pressed the collected 
powders into a KBr pallet. The bands at 2861 cm-1 and 2925 cm-1 correspond to the –
CH2– asymmetrical and symmetrical stretching vibrations of APTES (Fig.4c). The 
bands at 1027 and 1120 cm-1 represent the Si-O-C vibrations in APTES [36,37]. 
Thus, FTIR spectra confirmed the silane groups were grafted on the surface of fiber 
membranes. 
 
3.3.4 Performance of Ultra-filtration Membrane 
3.3.4.1 Pure water flux 
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To evaluate water permeability of the membranes, the pure water flux was 
measured at applied pressures. The water flux is determined by the equation Jw = 
Q/(AT), where Jw is the pure water flux (Lm-2h-1), Q is the volume of water 
permeated (L), A is the effective membrane area (m2), and T is the sampling time (h). 
Figure 6 shows the water flow rates through the membranes as a function of applied 
pressure. Pure water fluxes are proportional to the applied pressure for all these 
membranes. The porous support exhibited a high water permeability, approaching 
800 L·h-1·m-2·bar-1. After the supports were coated with the nanofibers on the 
surface, the flux reduced to approximate 400 L·h-1·m-2·bar-1. When the silane groups 
were grafted on the surface of nanofiber membranes, the surfaces were modified to 
have a hydrophobic property, and thus the water flux was reduced by an order of 
magnitude up to 50 L·h-1·m-2·bar-1. The water flux curves were computationally 
extrapolated to zero flow rate, consequently the corresponding pressure of porous 
support, coated membrane and silane grafted membrane are 0.04bar, 0.05bar and 0.2 
bar, the calculated results indicate the applied pressure where first permeation occurs. 
The relationship of applied pressure and effective radius is stated by Young-Laplace 
equation: 
 
Where  is the applied pressure,  is the interfacial tension of water and air, θ 
is the wetting angle and  is the effective radius.  
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The changes of pure water fluxes may be largely attributed to the changes in 
pore size of the resultant membranes and the hydrophobic surface also plays a 
significant role.  
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Figure 3.10 Water flow rates through membranes as a function of applied pressure: 
(a) a porous α-alumina support; (b) a γ-alumina fiber membranes and (c) a silane-
grafted fiber membrane. 
 
 
3.3.4.2 Pore-size Distributions and Dextran Retention Efficiency 
 
The pore size distributions and separation efficiency of the 
membranes were tested and the results are displayed in Figure 3.11. 
The pore size distribution of the original porous support is centered on 
700 nm (with the pore radius shown on the Figure 3.11 A). It has been 
remarkably improved by adding a nanofiber layer. Al-membranes 
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have pore sizes around 11 nm, similar with those of silane-grafted 
fiber membranes .  
The separation efficiency of the membranes were tested by 
dextran retention test, the results are displayed in Figure 3.11 B. It can 
be found that the very low separation efficiency of original disc 
support had been remarkably improved by the boehmite nanofibres 
layer.  
Based on the equation which indicates the relation between the 
molecular radius and molar mass:  
A=0.33·M0.46 
Where A is the molecular radius in Å and M is the molar mass of 
dextran in gram [46]. It can be calculated that the diameter of dextran of 
molecular weight 10K is 4.5nm. 40K is 8.6nm, 70K is 11 nm and 
500K is 28nm. The molecular weight corresponding to dextran which 
rejection is over 90% is considered to be the cut-off molecular weight 
of the membrane. 
According to the Figure 3.11 B, it can be found that Al-membrane 
exhibits a high rejection to the dextran of molecular weight 70K, the 
ratio reached 91%. The diameter of 70K is 11nm which means the 
pore size of Al- membrane is approximately 11nm. In addition, even 
through the performance of Al-membrane is higher than Bo-
membrane when rejecting larger dextran molecular, however Bo-
membrane exhibits better performance when rejecting 10K dextran. 
Bo-membrane and Al-membrane basically share the same surface 
morphology which explains their performances are generally similar, 
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however the residual organic surfactant on the boehmite nanofibres 
was contribute to the adsorption of small dextran on the membrane 
surface, this causes Bo-membrane rejected more 10K dextran than Al-
membrane. 
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Fig. 3.11. (A) Pore size distributions of various membranes: (a) a porous α-alumina 
support and (b) a γ-alumina fiber membrane. (B) Retentions of dextrans by gel 
permeation chromatography with different membranes. (a) a porous α-alumina 
support (b) a γ-alumina fiber membrane and (c) a silane-grafted fiber membrane. 
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3.3.4.3 Protein Separation Efficiency 
BSA (M.W. 66K Da), Cellulase (M.W. 45K Da) and 
Trypsin(M.W. 23.8K Da) were introduced into to protein separation 
test. The test results are shown in Figure 3.12.  By comparing Figure 
3.12 (a) (b) and (c), it can be found that all membranes exhibits better 
separation efficiency when the concentration of protein solution is 
low. The protein deposition and physical adsorption of membrane are 
the main reason to this phenomenon.  
The Figure 3.12 (a) displays the rejection efficiency of 
membranes to BSA protein which has the largest molecular weight. 
The result indicates that blank support has very little rejection to BSA 
at all concentration range, the rejecting ability has been improved 
when Alumina nanofibres was coated. However, the rejection 
efficiency of Al-membrane to BSA is dramatically lower than to 70K 
dextran, given their molecular weight are close. Dislike the single 
dimension chain structure of dextran molecular, the peptide chain of 
protein molecular was spatially overlapped and turned to stereo 
structure. Because of this, the BSA molecular is smaller than 70K 
dextran molecular even through their molecular weight are similar. 
The NH-membranes on the other hand exhibits remarkable rejecting 
ability to BSA protein, the rejection ratio is close to 100%, it indicates 
that the hydrophobic modification has significantly increased the 
performance of Al-membrane due to the soluble protein are 
hydrophily and would be rejected by hydrophobic group.  
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The Figure 3.12 (b) and (c) are the results of the separation 
efficiency test using Cellulase and Trypsin. The data of these two tests 
theoretically matched the result of BSA test only except the separation 
efficiency is decreasing with the molecular weight decrease which is 
indicated in Figure3.12 (c). From Figure 3.12 (c), it can be found that 
NH-membrane almost rejects all the BSA protein and it is able to 
reject 92% of the Cellulase, however 45% of Trypsin can penetrate 
NH-membrane due to the smallest molecular weight and size. 
 
To sum up, due to the size exclusion, the Al-membrane is able to 
reject all three proteins to a certain extent. When the surface of Al-
membrane was modified to hydrophbicity, the separation efficiency 
had been significantly improved, the protein around 40K Da could be 
hold to the filtrate side. However, because of the approximately 10nm 
pore size, the Al-membrane is not able to reject protein corresponding 
to 23K Da even the hydrophobic group had been grafted on the 
surface. 
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Figure 3.12 Protein separation efficiency of membrane. (a) BSA separation 
efficiency of membranes, (b) Cellulase separation efficiency of membranes, (c) 
Trypsin separation efficiency of membranes. (d) The permeation fluxes for various 
membranes. 
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3.4 CONCLUSION 
The boehmite nanofibres was synthesised by hydrothermal reaction of 
aluminium hydrate cake in the presence of surfactant. The prepared boehmite 
nanofibres were approximate 100nm in length and 8-10nm in width. The 
boehmite nanofibres was attached on the surface of disc support by dip-coating 
and then sintered to convert to γ-Alumina phase, the attachment was confirmed 
by XRD analysis. APTES group was grafted upon the surface of alumina 
nanofiber layer and modified the surface to hydrophobicity property. The 
surface modification with silane grafting was confirmed by FTIR spectra and 
acontact angle analysis.  
The size distribution characterization indicated that the high permeate 
efficiency of γ-alumina fiber membrane (as well as silane-grafted fiber 
membrane) with an average pore size of about 11nm. Water flux of membranes 
were measured to show the permeability, then dextran of different molecular 
weight was introduced to test the molecular cut-off of the prepared membrane, 
the result also indicates that the average pore size of Al-membrane is 11nm. 
The membranes showed excellent separation efficiency with the MWCO of 70 
kDa and a permeation flux of 360 L·h-1·m-2·bar-1. 
Proteins BSA, cellulase and trypsin were employed in the test of protein 
separation. The silane-grafted alumina fiber membrane was demonstrated to 
reject 100% BSA proteins and 92% cellulase. It can also retain 75% trypsin at 
the concentration of 400 ppm and maintain a permeation flux of 48 L·h-1·m-
2·bar-1. The research progress should be of significance for the development of 
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new materials in membrane science and protein engineering. This study 
indicates that the great potential of ceramic nanofiber membranes for the real 
application of protein separation in terms of high flux, prominent selectivity 
and feasible surface modifications.  
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Chapter 4: Conclusion and Future 
Prospective 
4.1 LACCASE IMMOBILISATION ON FUNCTIONALISED 
ALUMINA NANOFIBRES 
The Boehmite nanofibres were synthesized using hydrothermal 
method and converted to γ-Alumina nanofibres. Alumina nanofibres of 80-
120nm length and 10nm width were prepared for laccase immobilisation 
support. In the immobilisation section, the Alumina nanofibres were firstly 
grafted with APTES, the silane with an amino end. The cross linking agent 
Glutaraldehyde was introduced to link amino end and target laccase 
molecular, as a consequence,  laccase was covalently immobilised on the 
surface of functionalised Alumina nanofibres. Characterisation techniques 
such as TEM, XRD and BET were employed to characterize the property of 
Alumina nanofibres and observe the morphology. The grafting of APTES 
functional group and the loading of cross linking agent was testified by IR 
spectra.  
The immobilisation of laccase process had been studied on two main 
parameters and the optimized reaction condition for maximum 
immobilisation amount was determined. In addition, the original Alumina 
nanofibres which grafted ABTES only was applied in laccase 
immobilisation but using physical adsorption method, its results were 
compared to covalently immobilisation method.  
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ABTS was utilised as specific substrate to measure the catalytic 
activity.  The activity tests indicated that most of the activity of laccase is 
retained after immobilisation process of both two methods. Additionally, for 
determine the resistant to environment change, the activity of immobilised 
laccase was tested in a range pH value and temperature, it was found that 
laccase exhibits better performance in low pH value and relatively high 
temperature environment, the results also indicates that immobilisation 
process has positive effect on the environment resistance. Finally, the 
constant cycle reaction test of immobilisation laccase was conducted in 
order to determine the reusability. Covalently immobilised laccase 
performance well in this test where physical adsorbed laccase almost 
complete lost its activity after 10 cycles of reaction. 
Opportunities for future work in the laccase immobilisation on 
Alumina nanofibres could include novel reactor design for immobilised 
laccase and the practical application such as degradation of Phenolic 
compounds and   pollutant water treatment. 
 
4.2 FUNCTIONALISED ALUMINA MEMBRANE FOR PROTEIN 
SEPARATION 
The fabrication of γ-Alumina nanofibres coated disc support was 
managed to form a new ultra-filtration system. The boehmite nanofibres was 
prepared by hydrothermal reaction of aluminium hydrogen gel in the 
presence of surfactant, the reaction temperature and period was optimised to 
be 130℃ and 48 hours to gain the balance of good boehmite crystal 
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structure and time efficiency. The prepared nanofibres were dip coated on 
the surface of disc support which exhibits very large water flux. Then the 
boehmite was heated to 550℃ in order to convert to γ-Alumina phase and 
sintered on the support surface. By grafting APTES group, the surface of 
coated disc support was modified to high hydrophobicity, the water flux of 
modified membrane was dramatically decreased.  
The high-molecular polymer Dextran was employed to determine the 
molecular cut-off of the prepared ultra-filtration membranes, by utilizing the 
equation corresponding to the relation of molecular weight and size, the 
average pore size of Alumina nanofibres coated membranes was determined 
to be approximate 11nm. Finally, the protein separation test was conducted 
using three proteins of step down molecular weight, the surface modified 
ultra-filtration membrane exhibits expected performance in the test, it had 
been found to reject nearly 100% of BSA protein and 92% of cellulase 
molecular from water.  However, due the limitation of the membrane, only 
55% of Trypisn was rejected. To the future, more proteins of wide 
molecular rang could be introduced into the project and the performance of 
the ultra-filtration membrane could be tested in difference condition such as 
high temperature, extreme pH value and organic solvent. 
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